We report observations of microstructural changes in {100} and {110} oriented silicon wafers during initial lithiation under relatively high current densities. Evolution of the microstructure during lithiation was found to depend on the crystallographic orientation of the silicon wafers. In {110} silicon wafers, the phase boundary between silicon and Li x Si remained flat and parallel to the surface. In contrast, lithiation of the {100} oriented substrate resulted in a complex vein-like microstructure of Li x Si in a crystalline silicon matrix. A simple calculation demonstrates that the formation of such structures is energetically unfavorable in the 2 absence of defects due to the large hydrostatic stresses that develop. However, TEM observations revealed micro-cracks in the {100} silicon wafer, which can create fast diffusion paths for lithium and contribute to the formation of a complex vein-like Li x Si network. This defect-induced microstructure can significantly affect the subsequent delithiation and following cycles, resulting in degradation of the electrode.
Introduction
Because of their high power densities, lithium-ion batteries are employed in applications that are especially sensitive to weight and size, such as portable electronic devices and electric vehicles [1] [2] [3] [4] [5] [6] . Generally, graphite-based materials are used for anodes due to their low cost and stable performance, but they have a limited capacity of 372 mAh/g [7] . Silicon has drawn considerable attention as one of the most promising anode materials due to its huge theoretical capacity of ~4200 mAh/g (Li 22 Si 5 ) [8] [9] [10] [11] . Associated with this large capacity, insertion of lithium into silicon causes large volumetric expansion in the range of 300% to 400% [11] [12] [13] [14] . Under constraint, this expansion can generate stresses, leading to fracture and pulverization of the electrode, degrading the capacity of the electrode during cycling. To prevent this mechanical degradation, nanostructures such as nanowires, thin films, hollow nanoparticles and 3D porous nanoparticles are being investigated [15] [16] [17] [18] [19] [20] [21] .
Although silicon transforms to several distinct silicon-lithium crystalline phases at elevated temperature [10] , it is well known that electrochemical lithiation of silicon at room temperature results in an amorphous phase of lithiated silicon [5, 12, [22] [23] [24] . Obrovac et al. [5] suggested that the lithiation of crystalline silicon is a two-phase reaction in which a reaction front separates the growing amorphous lithiated phase from pristine crystalline silicon. Chon et al. [25] showed clear images of a crystalline-to-amorphous phase transformation that occurs during initial lithiation of a {100} silicon wafer. Furthermore, Lee et al. [26] demonstrated anisotropic deformation of silicon nanopillars during lithitation. A number of first-principles calculations and experimental studies have shown that the lithiation reaction is anisotropic and fastest in the <110> direction [26] [27] [28] [29] . If lithiation is controlled by this reaction mechanism as opposed to diffusion through the lithiated phase, anisotropic expansion may occur [29, 30] . Most previous studies have assumed that lithium insertion and reaction processes at the reaction front are spatially uniform. However, defects, geometrical instabilities, and solid-electrolyte interface (SEI) layers can cause spatially inhomogeneous lithiation. These inhomogeneities may lead to a non-uniform strain distribution in the lithiated phase, resulting in fracture and the degradation of the capacity of the battery.
In this paper, we report on an experimental study in which we applied relatively large lithiation current densities to {100} and {110} oriented silicon wafers to evaluate the effect of crystal orientation on the microstructural evolution of the lithiated phase. We observe uniform lithiation of {110} silicon wafers, but a complex microstructure with micro-cracks in {100} silicon wafers. Since these micro-cracks only occur in the {100} substrates, we suggest that the formation of crystalline Li x Si depends on crystal orientation and plays an important role in micro-crack generation. These observations have important ramifications for mitigation of damage during lithiation of crystalline silicon.
Experimental procedures
Single-side polished silicon wafers of two orientations, {100} and {110}, were used as working electrodes. All wafers were 500 µm thick, were doped with boron, and had a resistivity of 1-30 Ω·cm. The wafers were cut into 5 mm x 5 mm sections, which were then assembled into electrochemical cells using standard 2032
half coin cells with lithium foil as the counter electrode. The electrolyte was a 1 M solution of LiPF 6 in 1:1 (vol%) ethylene carbonate (EC) : diethyl carbonate (DEC).
Once assembled, the silicon electrodes were lithiated at a constant current density of 500 µA/cm 2 for different amounts of time. Three sets of samples were lithiated under identical conditions to confirm the microstructural observations. After lithiation, the electrodes were removed from the half coin cell, rinsed in dimethyl carbonate (DMC), and dried for 10 minutes. To prevent reactions with ambient air, all processes including assembly and disassembly of the cells were performed inside a glovebox filled with high-purity argon.
The microstructure of the lithiated phase was observed inside a focused ion beam (FIB, FEI NOVA200 DualBeam) system equipped with an air-lock chamber.
Samples were cross-sectioned using a beam of Ga ions and then observed using scanning electron microscopy (SEM). Platinum was deposited for surface protection.
After imaging, sample cross-sections were lifted out and attached to Cu TEM grids using a manipulating probe. A high-resolution transmission electron microscope (HR-TEM, Technai F20) operating at 200 keV was used for detailed analysis of the microstructure of the lithiated phase. Selected area electron diffraction (SAED) patterns and Fourier transforms were analyzed using a software package (Gatan, Digital Micrograph). For phase determination, x-ray diffraction data was collected
with an x-ray diffractometer (XRD, Bruker, D8 Advance) using Cu-K α radiation. To prevent air exposure during sample transfer, all samples were transported inside an argon-filled portable chamber with an air-lock. than the calculated value (4.8 µm) based on the total applied current density [25] .
Results and discussion
Since we applied a high current density of 500 µA/cm 2 , a large overpotential results.
Thus, a large amount of lithium is consumed in side reactions, such as SEI formation [31, 32] .
In {100} silicon wafers, however, some regions maintain a pristine surface similar to the {110} silicon wafer (Fig. 1c) , while others are riddled with surface cracks (Fig. 1e) . Similar surface features were also observed on samples lithiated for 1 hr, but fewer regions with surface cracks were observed as compared to the 2.5 hr lithiated sample. The lengths of the surface cracks were typically several tens of micrometers. If the lithiation reaction front remains flat, cracking is not expected during lithiation of crystalline Si wafer because the lithiated phase will develop a compressive biaxial stress state [30] . In contrast, the observation of surface cracks in {100} silicon wafers (Fig. 1e) indicates a different physical picture, namely a nonplanar reaction front, which can lead to a more complicated state of stress and thereby generate surface cracks. Anisotropic reaction kinetics in crystalline silicon have been observed in a number of studies [26, 29, 33] . It is possible that these kinetics can result in an instability such as non-planar growth along the direction with the fastest reaction rate.
To examine this possibility, we now evaluate the driving force for the movement of the reaction front, as discussed in detail in a previous paper [30] . The reaction at the interface can be represented by .
Associated with this reaction is a net change in free energy, , given by [30] ,
where is the elementary charge, is the applied voltage, is the hydrostatic stress, Ω is the atomic volume, and is the change in free energy associated with the lithiation reaction when the applied voltage and the stress in both phases vanish. We have neglected any dissipation at the electrolyte/electrode interfaces, inside the electrodes, and in the electrolyte. In our sign convention, a positive value of promotes lithiation of silicon, and a more negative value of represents a larger driving force for the reaction. A compressive hydrostatic stress in the pure silicon phase promotes lithiation while a compressive stress in the lithiated silicon retards it.
The net change in free energy is the driving force for the movement of the reaction front. The velocity of the reaction front will increase as the magnitude of the driving force increases. We take the reaction to be thermally activated, and, as an example, described by a familiar kinetic model [34] : ,
where is a parameter analogous to the exchange current density, the activation energy, the Boltzmann constant, and the absolute temperature. The prefactor may be a function of the crystallographic orientation, as discussed elsewhere [29] .
To illustrate the effects of the stress on the reaction, we will consider accommodation of lithium via two simple mechanisms: growth of a planar reaction front and growth of a small perturbation that eventually leads to a vein-like Li x Si network, as illustrated in Fig. 3 . These two cases represent the different structures observed in the experiments. For the growth of a flat reaction front (Fig. 3a) , the lithiated silicon phase is under equal biaxial compression equal to the yield strength,
, and the hydrostatic stress in the lithiated phase is . The stress in the crystalline silicon phase is zero everywhere, . Using a value of [35] , we obtain . Using and [29] , the contribution of the stress to the free energy,
, is for growth of the planar reaction front.
Consider now a very small perturbation in the reaction front (Fig. 3b) .
Because the reaction front is no longer planar, a stress state develops in both the lithiated silicon and in the single-crystalline silicon. To first order, the stress state in the vicinity of the perturbation can be approximated by the stress field around a misfitting sphere. From elasticity, one obtains [36] , (4) where is the radius of the sphere, is the radial position from the center of the sphere, represents the elastic modulus, represents Poisson's ratio, and represents the mismatch in linear strain. Near the interface, , the hydrostatic stresses, , are and . Using representative values of [37] , [38] , [37] , [37] , (for a 280% increase in volume upon full lithiation), we find . Thus, the contribution of the stress to the free energy,
, is estimated at for growth of a (spherical) perturbation. We should point out that the solution from elasticity is not exact because of large deformation effects and plastic deformation. However, we have performed a full elastic-plastic and large deformation simulation in ABAQUS for a spherical particle of lithiated silicon in a pure silicon matrix. These results give a contribution of the stress to the free energy of .
This analysis shows that the stress has a relatively large retarding effect for is a function of orientation) as measured by Pharr et al. [29] . For instance, since the rate of reaction (neglecting stress effects), , is faster along <110> than along <100>, it seems possible that for a {100} wafer, lithiation may occur via a perturbation along the <110> direction. However, the energy penalty associated with the stresses generated in forming such a perturbation outweighs the gain in the reaction rate along the <110> direction. Thus, within the context of this model, the lithiated phase will always grow by motion of a flat reaction front for silicon wafers of any orientation.
The above calculation suggests that the stress has a very large stabilizing effect -i.e, a complex geometry of Li x Si layers cannot form by a perturbation of the reaction front. Instead, we propose that defects provide a fast path for lithium diffusion, thereby leading to non-uniform lithiation. Fig. 4 shows TEM images of the region delineated by the green square in Fig. 2a . Line structures with a width of a few nanometers can be seen in Fig. 4 , which lie along the same preferred directions as the Li x Si network shown in Fig. 2a . We believe that these line structures are micro-cracks that provide fast diffusion paths for lithium. The HR-TEM image shows the region of the tip of the micro-crack as indicated by the varying contrast.
Moreover, the Fourier transform image shown in Fig. 4 indicates that the line structures lie along the {111} planes: the preferential cleavage planes in silicon.
Since the cross-section was made parallel to a [110] direction in the surface of the wafer, the observed micro-cracks both parallel to the surface and at an angle of ~54° to the surface may indicate cracking between {111} plane. Once several micro-cracks form, the local stress field near the crack becomes more complex and a network of interconnecting cracks can develop. [5, 10, 12, 22, 39] . However, this result conflicts with our TEM study discussed previously in Fig. 2 , in which only an amorphous Li x Si phase was observed. Thus, we believe that the Li 15 Si 4 phase is amorphized during the TEM sample preparation process as a result of gallium ion bombardment [24, 40] . In contrast, the XRD pattern for the {110} silicon wafer shows a very weak peak at 23° suggesting the presence of a very small amount of crystalline Li 15 Si 4 , and broad peak around 43°. According to Obrovac et al. [5] , this broad peak is caused by the amorphous Li x Si phase.
In general, multiple kinetic processes can significantly contribute during the first lithiation [29, 41] . If we compare the XRD data obtained before and after lithiation, broad peaks for amorphous Li x Si phase can be seen around 22°~28° and 38°~45° in both {100} and {110} silicon wafer. However, the crystalline Li 15 Si 4 phase in the {100} silicon wafers seems more prevalent. Consequently, we believe that crystallization of the lithiated silicon in the {100} electrode contributes to the generation of micro-cracks. Gu et al. [42] reported that crystallization of Li 15 Si 4 from amorphous Li x Si is a congruent process in which the chemical composition remains
constant. As such, the transformation does not require long-range diffusion but instead a simple local atomic rearrangement, and it is expected that the volume change during crystallization is small compared to that of lithiation. However, during lithiation, the lithiated silicon flows plastically due to the extreme volume expansion [43] . Thus, even a very small contraction during crystallization can result in local tensile stresses, thereby generating cracks. Therefore, we believe crystallization of the lithiated silicon results in micro-cracking in the {100} silicon wafers. The complex vein-like microstructures induced by micro-cracking significantly affects the subsequent delithiation and the following charge/discharge cycles.
Conclusion
We have studied the microstructural evolution of both {100} and {110} silicon wafers during initial lithiation under relatively high current densities. We observed surface cracks and a complex vein-like network of Li x Si layers in {100} silicon wafers during initial lithiation, whereas no such structures were seen in {110} silicon wafers. A calculation reveals that these structures are energetically unfavorable due to the large hydrostatic stresses associated with them. Instead, we propose that the formation of micro-cracks in {100} wafers leads to fast diffusion paths for lithium. We further suggest that the formation of crystalline Li 15 Si 4 in {100} silicon wafers may lead to localized tensile stresses, thereby generating these micro-cracks.
Our observations provide insight into the mechanisms governing non-uniform lithiation 
